The precision of two methods to determine the position of the needle tip is investigated. Using spherical transmissions yields higher accuracy. Both methods can be extended to 3D if the transmissions originate from transducer elements that are not placed on a line. Needles equipped with receivers can be used for deploying brachytherapy seeds ensuring high precision of the procedure.
I. INTRODUCTION
Many medical procedures require the detection, tracking, and guiding the insertion of (biopsy) needles as in the case of taking biopsy samples or to deploying brachytherapy seeds. The detection of the needle position is done by using an imaging system such as CT, MRI or ultrasound scanning. The use of ultrasound-guided biopsy is widespread due to the availability and convenience of use of ultrasound scanners [2] . There are certain impediments to tracking the position of the needle. Present systems use linear arrays and the position of the needle tip cannot be detected when it is outside the imaging plane. This problem has been addressed by Lee et al. by using 3D ultrasound scanning [5] . Another major problem is that the returned by the needle echo is a result of specular reflection. Often the needle is tilted at an angle relative to the ultrasound probe and remains invisible.
This has been addressed by the work of Zhao and coworkers [6] who suggest to adaptively tilt the ultrasound beam so that the incident angle is as close to 90
• as possible. This method enables the visualization of a part of the needle, but not necessarily the needle tip. Powers [2] suggests the generation of vibrations close at the tip of the needle, which can be detected using Doppler ultrasound.
As described above, the major problem is the smooth needle surface which gives rise to specular reflection. To increase the visibility of needles, often their surfaces are roughened in daily practice. A similar approach is suggested by Davis and McLellan [7] , which suggest enhancement of the echogenicity of a needle by using a stylet with a series of annular grooves around the stylet as shown in Fig. 1 .
All methods rely on echoes reflected by the needle and received by the imaging system, which identifies and visualizes the needle. This work is based on placing a receiving element or an array of receiving elements in the needle itself [8] . They will receive the pulse sent by the imaging system and the created signal will be sent for processing. Using the knowledge from the transmission and detecting the time of arrival of the pulse at the receive element in the needle, the position of that element (or elements) is calculated with high precision. Figure 2 shows a the principle of detecting the needle. A receiver is placed near the tip of the needle. The scanner scans the region of interest using either linear, phased or synthetic aperture scanning. When the probing pulse is detected by the receiver in the needle, a signal is sent back to the scanner. time of the pulse, the exact position of the receive element is calculated. If two receive elements are placed in the needle, then the needle orientation is also found. The transmissions can be focused or unfocused as in the case of synthetic aperture imaging. The imaging can be in two or three spatial dimensions. The different transmit beams lead to different calculation procedures, but they are all dependent on the placement of a receive element in the needle.
II. CALCULATION OF THE POSITION OF THE NEEDLE

A. Detection of position using focused beams
When focused beams are used, one can assume that the transmitted ultrasound pulse propagates along a line. Let the signal received by element in the needle be s(t). If the element position is within the boundaries of the transmitted beam, then the received signal s i (t) at emission i will be approximately a time-delayed and scaled version of the transmitted pulse g(t):
where t p is the time it takes for the pulse to propagate from the origin of the beam to the receiving element placed in the needle. beam) number. It can be seen, that for the depicted case the maximum echo is located in the signal s 16 (t). Figure 4 shows the geometry used to find the position of the receive element placed in the needle for the case of focused transmissions. In the figure x i denotes the origin of the ith transmission, for which s i (t) has the maximum received value, x p is the position of the the receiving element, and ξ i is the directional vector of the beam. The distance r p from the beam origin to receiving element is related to the time of arrival t p as
where c is the speed of sound. The position of the receiving element is found as
The time t p can be estimated in a number of ways such as detecting the instance of the maximum envelope of s(t) or finding the mean arrival time such aŝ
The created ultrasound beams are not infinitesimally narrow and they often overlap in order to meet the spatial sampling criterion. Hence, echoes are present in several adjacent beams. A practical realization of the decision from which beam i to estimatet p involves for example finding the center of mass of the echoes across several signals s i (t):
The procedure can be united in one single search for the 2D center of mass. The localization procedure using focused beams was described in a single plane, but its extension to 3D is straightforward. One needs only a system capable of focusing in both azimuth and elevation planes.
B. Detection of position using unfocused transmissions
Unfocused transmissions can also be used to determine the position of the needle tip. Two types of waves are usedplane and spherical or cylindrical/cirular waves. Plane waves can also be used. The principle is to use a transmission that creates a wave with a known wavefront. Figure 5 shows the geometry when spherical waves are transmitted. A signal s i (t) is received at every transmission with an origin x i . The time instance when the emitted pulse g(t) arrives at the position of the sensor x p (placed on the needle) is t i . The distance from the origin of the spherical wave to the sensor is directly proportional to the arrival time
where c is the speed of sound. Let the arrival time at emission from position x j be t j . Then the position of the sensor x p lies on the cross-section of two spheres:
To determine the position x p in three dimensions, one needs at least a system of three equations. The number of emissions that can be used to localize x p is limited by the number of available transducer elements, which typically is larger than 32. To get a better estimate, one can average the solutions of x p .
III. RESULTS
This section presents results from two cases: (1) the use of conventional linear-array imaging to detect the position of a sensor in 2D, and (2) the use of cylindrical waves.
In both cases scanning is performed using a linear array with 192 elements and a center frequency f 0 of 7 MHz. The transducer probe is mechanically focused in the elevation plane at a depth of 25 mm, while the height of the elements is 4.5 mm. The distance between the centers of 2 adjacent elements is 202 μm.
To demonstrate the precision of methods the signals received by point receivers were calculated. The positions of the receivers are uniformly distributed from a depth of 10 to a depth of 120 mm at every 5 mm. The points are placed directly below the transducer in elevation directions and at 10 mm away from the middle axis of the transducer. The origin of the coordinate system is at the center of the transducer surface. A. Focused transmissions Figure 6 shows the positions of a point receiver versus the estimated positions. Figure 7 shows the error in position estimation. The error is a fraction of a millimeter, and is comparable to one wavelength. Figures 8 and 9 show the estimated positions and estimation errors when unfocused emissions are used. In this case only the coordinates in the azimuth plane have been estimated. The origin of the coordinate system is placed at the center of the array. Hence the coordinates x p , z p lie on the cross-sections of two circles with origins x i = (x i , 0, 0) and x j = (x j , 0, 0) and radiuses r i and r j , respectively. Hence, the set of equations is:
B. Unfocused transmissions
where z p is the depth of the receiver, i and j are the indexes of transmit elements, and r i and r j are the radiuses of the two circles respectively. r i and r j are found from the estimated arrival times t i and t j . Subtracting the second from the first equations gives
A total of 128 emissions have been used. x p was estimated 64 times, by varying i and j across the array (i ∈ [1, 64] , and j ∈ [65, 128]). The shown estimates is the mean estimate of both x p and z p . The precision of the estimates is on the order of a μm, far exceeding present methods.
